ABSTRACT: Seven Holstein steers (234 ± 6.4 kg) surgically fitted with pancreatic cannulas, ruminal and abomasal infusion cannulas, and hepatic-portal vein catheters were used in a 4 × 7 incomplete Latin square design experiment to examine the influence of ruminal and abomasal carbohydrate infusion on enzyme secretion and composition of pancreatic juice. Four treatments were arranged in a 2 × 2 factorial: 1 ) ruminal starch hydrolysate (SH; 34.2 g/[h·site]) or abomasal water and 2 ) abomasal SH or ruminal water. Starch hydrolysate is raw cornstarch that has been partially digested by a heat-stable a-amylase. Experimental periods were 14 d with 9 to 10 d of adaptation, 4 d of pancreatic collection, and blood collection on d 14. Abomasal SH infusion tended ( P < .10) to increase pancreatic fluid secretion. The pH of pancreatic juice was higher ( P < .01) for ruminal SH infusion, and abomasal SH infusion tended ( P < .10) to result in lower pH of pancreatic juice. a-Amylase concentrations (units/milliliter and units/milligram of protein) and secretion (units/hour) were less ( P < .002) for abomasal SH infusion. Chymotrypsin concentration (units/liter; P < .01) and secretion (units/ hour; P < .10) were less for abomasal SH infusion; however, a rumen × abomasal interaction was found ( P < .05). Chloride concentration (milligrams/ deciliter) and secretion (milligrams/hour) were increased ( P < .01) for abomasal SH infusion. Abomasal SH infusion resulted in increased ( P < .01) portal blood glucose concentrations; however, portal plasma insulin concentration was not affected ( P > .10). Abomasal SH infusion altered a-amylase secretion in steers, but ruminal SH infusion had minimal effect on a-amylase secretion. These changes suggest abomasal infusion of SH may negatively impact secretion of pancreatic a-amylase.
Introduction
Current feeding practices for ruminants rely on feed grains to supply the bulk of dietary energy for finished beef and dairy production. Starch contributes the greatest portion of DE needed to produce marketable products. Most dietary starch is fermented ruminally, but, depending on grain source, degree of processing, etc., 4 to 60% of starch intake may be presented to the small intestine for enzymatic hydrolysis by the host (Theurer, 1986) . Evolutionary boundaries may severely limit the adaptive ability of the ruminant for small intestinal starch hydrolysis.
Most research in ruminants focusing on pancreatic secretion has emphasized pancreatic a-amylase. Feeding studies have shown conflicting results, presumably due to confounding effects of dietary energy. Increased a-amylase activity in pancreatic tissue has been observed when corn-based concentrates were fed to steers (Clay et al., 1969) and sheep (Janes et al., 1985) . However, decreased pancreatic tissue a-amylase activities were observed with grain feeding when energy intake was similar in steers and calves (Russell et al. 1981; Kreikemeier et al. 1990 ). Chittenden et al. (1984) reported mixed results depending on type of carbohydrate infused duodenally (200 g/d) in sheep fed alfalfa. Glucose infusion increased a-amylase secretion at 16 d of infusion, whereas starch infusion decreased a-amylase secretion at 16 and 23 d. Despite these efforts, it remains unclear if a-amylase secretion responds to increased starch intake or increased small intestinal starch. To our knowledge, no studies measuring secretion of aamylase have controlled energy available to the animal and increased small intestinal starch. The purpose of this study is to determine the influence of ruminal vs abomasal carbohydrate supply on pancreatic exocrine secretion and their relationships to blood glucose and insulin.
Materials and Methods
Experimental Animals. Seven Holstein steers (234 ± 6.4 kg BW) were surgically fitted with a duodenal pouch containing the main pancreatic duct segment and a single cannula (St. Jean et al., 1992) , abomasal infusion cannula (Kreikemeier et al., 1991) , and hepatic-portal vein catheter (Huntington et al., 1989) . Feed was withheld from the steers for 48 h and water for 12 h before surgery. All surgeries were conducted aseptically under general anesthesia using halothane as described by St. Jean et al. (1992) . Steers consumed feed immediately after their recovery from anesthesia and were consuming presurgery quantities 5 d after surgery. A second surgery was performed after 14 d of recovery to fit steers with a ruminal infusion cannula. Ruminal surgeries were conducted aseptically under local anesthesia using Lidocaine; ruminal cannulas were similar to those described by Koenig et al. (1982) . Ruminal infusions began following a 7-d recovery period.
Animal Care. Animal care was in accordance with established guidelines (Consortium, 1988) and followed regulations of the Institutional Animal Care and Use Committee. Steers were offered and consumed a endophyte-free fescue hay-based diet in 12 equal portions daily and were allowed ad libitum access to fresh water (Table 1) . Steers were fed at 2.25% BW daily on a DM basis. Steers were housed in an environmentally controlled room at 25°C with a 16-h light:8-h dark cycle. Steers were housed individually in pens (2.4 × 2.5 m ) and were tethered during infusions and collection of pancreatic juice. Feces were removed twice daily, and the steers were washed once daily.
Experiment 1. Two steers averaging 288 kg BW were used to evaluate the daily pancreatic exocrine secretion patterns and to develop a sampling protocol. Treatments were 1 ) no SH infusion, water ruminally and abomasally, 2 ) ruminal SH, SH ruminally, and water abomasally, 3 ) abomasal SH, water ruminally, and SH abomasally, or 4 ) both, SH ruminally and abomasally. Infusion rate averaged 236 mL/h per site, and the final SH infusion rate was 34 g/h per site. The initial SH infusion rate was 18 g/h per site for 2 d to provide for intestinal adaptation and as a precaution to prevent diarrhea. Starch hydrolysate is raw cornstarch that has been partially hydrolyzed by a heat-stable a-amylase (Takatherm L-340, Solvay Enzymes, Elkhart, IN) as described previously by Bauer et al. (1995) . The composition of starch hydrolysate was found to be 53.1% in chain lengths of one to seven glucose molecules with only .5% from glucose; the remaining 46.9% was greater than seven glucose molecules in chain length. The SH composition was determined by HPLC using a Dynamax-60A Amino column:mobile phase, 65% acetonitrile and 35% water; flow rate, .75 mL/min; temperature, 25°C; detection using a refractive index detector. Starch hydrolysate was chosen over raw cornstarch as infusate for the following reasons: 1 ) greater ruminal and small intestinal digestibility, 2 ) increased ease of pumping, 3 ) digestion characteristics similar to those of native starch, and 4 ) little or no free glucose. The ruminal infusion was chosen to equalize energy to that of the abomasal SH infusion, with the assumption that all of the ruminally infused SH would be fermented in the rumen.
Experimental periods were 15 d, and 14 d separated each experimental period. Steers were adapted to the final infusion for 9 to 10 d before 4 d of pancreatic collections. Pancreatic juice was collected over 30-min intervals for 4 d in 6-h periods to encompass a 24-h d. Pancreatic juice collection schedule was d 11 from 0800 to 1400, d 12 from 1400 to 2000, d 13 from 2000 to 0200, and d 15 from 0200 to 0800. This allowed the steers 24 h between each collection to minimize the effects of sampling on digestive function. Pancreatic juice was collected as previously described by Walker et al. (1994) . The quantity of juice collected at each 30-min interval was recorded (grams), and the pH of secretion was measured using a portable pH meter (model SA520, Orion Research, Boston, MA) with a combination gel electrode. A 10% subsample of the pancreatic juice was saved, and the remaining juice was returned to the duodenum via the obturator lumen (St. Jean et al., 1992) . Subsamples from each 30-min interval were pooled over each 6-h collection interval. The subsample was immediately frozen by placing the sample vial in dry ice and stored at −20°C for later analyses.
Experiment 2. Five Holstein steers (189 ± 7 kg BW) were randomly assigned so that their data combined with the data from Exp. 1 would complete a 4 × 7 incomplete Latin square design experiment. Fourteen days separated 14-d experimental periods with 9 d of adaptation before pancreatic collection. Treatments were the same as in Exp. 1; however, because of lower hay quality the diet was altered to include a soybean meal-based supplement that was top-dressed with each meal (Table 1) . Infusion rate averaged 241 mL/ h, and SH was infused at an average of 34.4 g/h per site. Infusion and pancreatic collection techniques were the same as in Exp. 1; however, pancreatic collection times were different. Pancreatic collection times were 1200 to 1800 on d 10 to 13 with each steer collected on two separate days each period. On d 14, portal blood samples for glucose and insulin analyses were collected via heparinized syringes at 30-min intervals from 1200 to 1800. Five milliliters of portal blood was collected and an aliquot immediately analyzed for glucose concentration, via a YSI (model 27, Yellow Springs Instruments, Yellow Springs, OH). Blood samples were centrifuged, and plasma was collected and stored ( −20°C ) for insulin analysis. Plasma insulin concentration was determined on samples pooled within each steer and period using a commercial RIA kit (Diagnostic Products, Los Angeles, CA), which was validated in our laboratory before this assay.
Analyses performed on each pooled sample of bovine pancreatic juice included total protein and Cl concentrations and activities of a-amylase, trypsin, and chymotrypsin. Protein concentration was measured using bicinchoninic acid, as described by Smith et al. (1985) . Chloride concentration was measured via a Digital Chloridometer (HaakeBuchler Instruments, Saddle Brook, NJ). Trypsin (Geiger and Fritz, 1986) and chymotrypsin (Wirnt, 1986) activities were determined using colorimetric procedures with Nbenzoyl-DL -arginine-4-nitroanilide and N-succinyl-Lphenylalanine-p-nitroanilide as substrates, respectively. The total protein concentration, trypsin, and chymotrypsin procedures were modified for use on a Cobas Fara II (Roche Diagnostic Systems, Montclair, NJ). Pancreatic a-amylase activity was assayed as described previously (Walker et al., 1994) . Enzyme concentrations were expressed in units (U; 1 U is defined as 1 mmol product formed/min) per liter (trypsin and chymotrypsin) or per milliliter ( aamylase).
Differences in animal numbers for pancreatic enzyme data are due to a nonfunctional duodenal pancreatic pouch on the abomasal starch treatment. Blood glucose and insulin were collected only during Exp. 2. One steer's blood was not collected during one period because of decreased intake on the collection day.
Statistical Analyses. Data from Exp. 1 were analyzed using paired t-tests to compare each 6-h collection period × 4 with the total of all four collection times. All four 6-h collection periods were used to calculate daily secretion rates. These data were combined with the data from the five steers that were collected for 6-h periods on two separate days, and these collection times were averaged to calculate daily enzyme secretion and composition. Data from both experiments were combined for Exp. 2 and were analyzed using analysis of variance procedures for a 4 × 7 incomplete Latin square (Cochran and Cox, 1957) . The model contained treatment, period, and animal. Treatment sums of squares were partitioned into ruminal SH infusion, abomasal SH infusion, and their interaction. Data for blood glucose was averaged for each steer within each period before analysis. Treatment responses were considered to be different when P < .05.
Results
Experiment 1. These preliminary data were used to determine daily secretion patterns so a representative collection procedure could be established. When each 6-h collection time × 4 was compared with the total of the four 6-h collection periods, similar ( P > .20) pancreatic flow rates (grams/hour) were found ( Figure 1a Experiment 2. Secretion of pancreatic juice (Table   2 ) tended to increase ( P < .10) with abomasal SH infusion (135 vs 117 g/h). The pH of pancreatic juice was altered by SH infusion at both sites. Ruminal SH infusion increased ( P < .001) pH of pancreatic juice (8.29 vs 8.19), whereas abomasal SH infusion tended to ( P < .10) decrease pH of pancreatic juice (8.26 vs 8.22).
Protein concentrations (milligrams/milliliter) of pancreatic juice (Table 2 ) exhibited a ruminal × abomasal SH infusion interaction ( P < .05). Abomasal SH infusion decreased pancreatic juice protein concentration, but this decrease was partially alleviated by the combined ruminal and abomasal SH infusion.
Neither ruminal nor abomasal SH infusion affected ( P > .10) protein secretion (Table 2) . However, a ruminal × abomasal SH infusion interaction ( P < .05) occurred for protein secretion. Protein secretion was reduced by the ruminal SH infusion and reduced further by the abomasal SH infusion. However, the combined ruminal and abomasal infusion was similar to the ruminal SH infusion treatment.
a-Amylase concentration (units/milliliter) and specific activity (units/milligram of protein) were not affected ( P > .10; Table 2 ) by the ruminal SH infusion; however, the abomasal SH infusion reduced ( P < .002) both a-amylase concentration and specific activity. The a-amylase secretion (units/hour; Table  2 ) was less ( P < .001) for steers abomasally infused with SH.
Abomasal SH infusion tended ( P < .10; Table 2 ) to decrease pancreatic juice trypsin concentration. Trypsin specific activity (units/milligram of protein; Table  2 ) and trypsin secretion (units/hour; Table 2 ) were not affected by ruminal or abomasal SH infusion.
Chymotrypsin concentration (units/liter) of pancreatic juice had a ruminal × abomasal SH infusion interaction ( P < .05). Abomasal SH infusion decreased pancreatic juice chymotrypsin concentration; however, the combined ruminal and abomasal SH infusion did not decrease chymotrypsin concentration. Chymotrypsin specific activity (units/mg of protein) was not affected ( P > .10) by ruminal or abomasal SH infusion. A ruminal × abomasal SH infusion interaction occurred ( P < .05) for chymotrypsin secretion (units/hour; Table 2 ). Chymotrypsin secretion was reduced for the ruminal SH infusion and reduced further by the abomasal SH infusion. However, the combined ruminal and abomasal SH infusion was similar to the ruminal SH infusion.
The trypsin:chymotrypsin ratio (data not shown) was not affected ( P > .10) by ruminal or abomasal SH infusion. The amylase:trypsin ratio (data not shown) was less ( P < .01) for abomasal SH infusion. The amylase:chymotrypsin ratio (data not shown) was less ( P < .01) for steers abomasally infused with SH.
Chloride concentration (milligrams/deciliter; Table  2 ) and Cl secretion (milligrams/hour) were greater ( P < .01) for abomasal SH infusion. However, ruminal SH infusion had no effect on Cl secretion.
Abomasal SH infusion increased ( P < .01) portal blood glucose concentration (Table 3) ; however, portal blood glucose concentration was not affected ( P > .10) by ruminal infusion. Plasma insulin concentration was not affected ( P > .10) by either ruminal or abomasal infusion.
Discussion
Experiment 1. Continuous flow of pancreatic juice and protein with little or no postprandial fluctuation was observed in fed sheep (Taylor, 1962) . Stable pancreatic juice secretion rate was also observed for food-deprived sheep (15.7 to 18 mL/h) and those with ad libitum access to feed (27.2 to 33.7 mL/h; Pierzynowski, 1986) . These observations are consistent with the near continuous ruminal outflows seen in cows fed 12 times per day (Jacques et al., 1989) and corresponds to the near continuous flow of digesta entering the duodenum of ruminants (Merchen, 1988) . Our data indicate that in steers fed 12 times daily pancreatic juice secretion is consistent throughout the day.
Contradictory to our findings, McCormick and Stewart (1967) reported increased pancreatic flow during feeding and decreased flow 1 to 2 h after feeding in young calves. However, similar pancreatic flow patterns were observed after the morning and evening feeding. These calves were considered nonruminants and therefore would not have the continuous flow of digesta found with ruminants (Merchen, 1988) . Therefore, under our experimental conditions, 6-h sampling periods will provide accurate estimates of daily pancreatic secretion.
Experiment 2. Our pancreatic juice secretion rates (.51 to .59 mL/[kg BW·h]) are within the range reported by others (Pierzynowski et al., 1988; Pierzynowski, 1990; Walker et al., 1994) ; however, we observed an increase ( P < .10) in pancreatic juice secretion for steers abomasally infused with SH. Increased pancreatic juice volumes were observed with intraduodenal infusion of HCl (Krzeminski et al., 1990 ) and various acids (Mostaghni, 1979) in sheep. Ileal digesta pH has been shown to decrease with increasing corn intake (Russell et al., 1981) and with increasing amounts of glucose, cornstarch, and corn dextrin infused abomasally (Kreikemeier et al., 1991) in steers. A possible explanation for the increased pancreatic juice secretion could be from decreased ileal pH (Kreikemeier et al., 1991) resulting from fermentation of the abomasally infused SH by small intestinal bacteria. Simple sugar-and starch-fermenting bacteria have been identified (10 6 cells/g of digesta) in ovine small intestinal digesta (Nicoletti et al., 1984 ). An increase in pH of pancreatic juice was observed with ruminal SH infusion, and a decrease in pH of pancreatic juice was found with abomasal SH infusion ( Table 2 ). An increase in ruminal VFA production would likely be observed with ruminal SH infusion, which may explain the increased pH of pancreatic juice with ruminal SH infusion. Pierzynowski (1986) reported a numerical increase in pH of pancreatic juice for sheep offered rapidly fermented feeds with ad libitum access compared with sheep deprived of food for 36 h. He (Pierzynowski, 1982) speculated that the stimulating effect of VFA on pancreatic juice pH is indirect and acts through receptors of the ruminal mucosa because intraduodenal administration of VFA did not influence pancreatic juice flow. The decreased pH of pancreatic juice for abomasal SH could also be the result of the increased volume of juice secreted, resulting in decreased bicarbonate concentrations.
Protein concentrations of pancreatic juice (10.2 to 15.6 mg/mL) found in the present study were similar to those reported for food-deprived cows (Pierzynowski, 1990 ; 11.6 mg/mL), for fed steers (Walker et al., 1994; 11 .9 mg/mL), and for wethers (Krzeminski et al., 1990; 12. 8 mg/mL). The decrease in protein concentration with abomasal SH infusion (Table 2 ) was associated with an increased volume of pancreatic juice and no change in total protein secretion.
The lower values for a-amylase concentration and secretion in steers abomasally infused with SH are in disagreement with results of other researchers. Clary et al. (1969) reported a 40% increase in pancreatic tissue a-amylase activity in steers consuming ad libitum an all-concentrate diet compared with those on legume-grass pasture. Janes et al. (1985) fed corn or grass at equal DMI and reported a 34% greater pancreatic a-amylase activity in sheep fed the corn. These experiments (Clary et al., 1969; Janes et al., 1985) were potentially confounded by dietary energy intake. Therefore, the increase in pancreatic tissue aamylase activity could be due to increased energy intake instead of increased starch intake.
When dietary energy was controlled, conflicting results have been observed for a-amylase activity. A 50% increase in pancreatic tissue a-amylase activity was observed in steers when energy intake increased from one to two times NE m with corn (Russell et al., 1981) , forage, or grain (Kreikemeier et al., 1990) . Van Hellen (1979) reported a twofold increase in aamylase secretion when steers were fed an 80% concentrate diet rather than a 20% concentrate diet at equal energy intakes.
The energy intakes plus SH energy infused were as follows: control, 100% NE m ; ruminal or abomasal SH infusion, 126% NE m ; both ruminal and abomasal SH infusion, 151% NE m . The interaction between ruminal and abomasal infusions for several of the measured variables could be explained partially by increased energy stimulating secretion and overcoming the negative effect of the abomasal treatment. When comparing the equal energy (ruminal vs abomasal SH infusion), abomasal SH infusion decreased a-amylase secretion. These data suggest that energy is not entirely regulating pancreatic a-amylase secretion and that site of delivery of nutrients or energy influences the pancreas.
The decreased a-amylase concentration and secretion for steers abomasally infused with SH are similar to observations of Chittenden et al. (1984) , who reported that duodenal infusion of raw cornstarch decreased a-amylase secretion in sheep. Layer et al. (1990) reported decreased duodenal amylase with ileal starch and maltose infusion in humans. However, high carbohydrate consumption increases a-amylase secretion in rats (Howard and Yudkin, 1963; Lahaie and Dagorn, 1981; Poort and Poort, 1981) . Unabsorbed nutrients (glucose and starch) likely would appear at the ileum with abomasal SH infusion (Kreikemeier et al., 1991) . Our data and other experiments (Chittenden et al., 1984; Layer et al., 1990) indicate that the regulatory mechanism may be present post-duodenum, but do not explain the mechanism.
Another aspect involved in the interaction may be protein flow to the small intestine. Taniguchi et al. (1995) compared the effects of ruminal vs abomasal infusions of raw cornstarch factorialized with ruminal or abomasal casein infusions or net portal nutrient flux and total tract digestibility in steers fed alfalfa. Infusing starch into the abomasum increased the net appearance of glucose in portal blood, and infusing starch plus casein resulted in an additional increase in glucose appearance in portal blood. These results were supported by greater total tract starch digestibility for steers receiving abomasal starch and casein. The authors speculated that increased small intestinal protein stimulated secretion of a-amylase, resulting in increased small intestinal starch digestion. Reynolds and Heath (1981) infused 100 or 200 mg/min of peptone intraduodenally in sheep and failed to alter pancreatic flow or secretion of a-amylase, trypsin, or chymotrypsin. However, peptone would contain primarily amino acids and small peptides. Kato et al. (1986) infused an aqueous soybean extract (containing soybean protease inhibitors) intraduodenally in sheep and increased pancreatic flow and a-amylase secretion. Steers receiving ruminal SH infusions in the present study should have had greater flows of microbial protein to the small intestine resulting from the increased ruminal digestible energy. Greater small intestinal protein flows could be a factor, along with the increased total energy input, involved in the explanation of the interactions for the ruminal plus abomasal SH infusion treatment. Some potentially negative effects of abomasal SH infusion may have been alleviated by greater small intestinal protein flows.
The ruminal SH infusion also would have increased ruminal VFA production. a-Amylase secretion has been shown to increase with intravenous propionate or butyrate infusion in sheep (Harada and Kato, 1983; Kato et al., 1989a,b) and goats (Harada, 1985) . However, the amounts of VFA infused in these studies were typically at pharmacological doses (625 mmol/kg BW). The quantity of SH infused and the fact that it was infused continuously, coupled with the extensive metabolism of VFA by gut tissues Harmon et al., 1993) , would rule out blood VFA as potential stimulators under our experimental conditions.
In the present study, increased portal blood glucose concentrations were found in steers abomasally infused with SH (Table 3) . No changes in plasma insulin concentrations were observed. However, we would not expect a change in insulin with this small magnitude of change in portal glucose concentrations. Our plasma insulin concentrations were less than other values reported for the bovine (Pierzynowski et al., 1988; Pierzynowski, 1990; Krehbiel et al., 1992) and may be related to the low intake of a low quality diet. Acute increases in blood glucose concentrations resulting from jugular infusions have resulted in decreased a-amylase secretion (Call et al., 1975) . However, Chittenden et al. (1984) reported no change in blood glucose concentration when a-amylase secretion increased following 16 d of duodenal glucose infusion. The increased a-amylase secretion was shortlived, however, because secretion declined at 23 d of glucose infusion and blood glucose increased. Johnson et al. (1986) infused propionate duodenally and reported an initial increase in a-amylase specific activity on d 1; a-amylase specific activity then declined. Blood glucose concentration followed a pattern similar to that of a-amylase specific activity; however, insulin increased on d 1 and remained elevated through d 14. Pierzynowski and Barej (1984) did not restore pancreatic a-amylase secretion with insulin treatment of alloxan-diabetic sheep. From these previous reports and the present study, blood glucose and insulin seems to influence a-amylase secretion in ruminants. However, information describing the mechanism of their interaction is lacking.
Previous research does not aid in explaining the decreased trypsin and chymotrypsin concentrations (units/liter) seen with abomasal SH infusion ( Table  2 ). The decreased trypsin and chymotrypsin concentrations might be partially explained by the increased pancreatic juice secretion with abomasal SH infusion. The reason that chymotrypsin secretion is slightly decreased by abomasal SH infusion is unclear. However, in a review of adaptation of the exocrine pancreas to diet in the nonruminant, Brannon (1990) reported decreased content and synthesis of proteases (trypsin and chymotrypsin) in animals fed high carbohydrate diets.
Chloride and HCO 3 − are the major anions secreted in pancreatic juice. Increased HCO 3 − is usually seen with increased pH of pancreatic juice. Chloride concentration decreases with increased HCO 3 − in sheep (Mostaghni, 1979; Krzeminski et al., 1990) , rabbits (Swanson and Solomon, 1973) , and cats (Moqtaderi et al., 1972) . The increased Cl concentration and secretion and slightly lower pH of pancreatic juice from steers abomasally infused with SH can be explained by the coupled anion exchange model in pancreatic duct cells (Grotmol et al., 1990) . However, when pH of pancreatic juice increased with ruminal SH infusion, no differences in Cl concentration were found between infusates. The coupled anion exchange model does not seem to explain these results. Increased Cl concentration and secretion were found with abomasal SH infusion ( Table 2) . DeLisle and Hopfer (1986) have proposed a model of coupling of Cl conductance and protein secretion in the pancreatic acinar cells. Petersen (1986) in a review has suggested that Cl anions are secreted by the pancreatic acinar cells. Water secretion is also believed to follow or occur with the secretion of protein (enzyme) and Cl anion to "flush" the acinar cells. Our data coincide with this model because greater Cl concentrations and secretions were observed with the increased pancreatic juice volume for abomasal SH infusion.
Studies in nonruminants on the influence of gastrointestinal hormones on the regulation of the pancreas may aid in developing a hypothesis to explain the decreased pancreatic protein and enzymes, especially a-amylase secretion, with abomasal carbohydrate infusion. The peptides found to inhibit pancreatic exocrine secretion in nonruminants are peptide YY, pancreatic polypeptide, and somatostatin.
Increased plasma peptide YY concentration has been observed when large quantities of unabsorbed nutrients reach the ileum in humans (Adrian et al., 1985) , rats (Jin et al., 1993) , and dogs (Pappas et al., 1986; Rudnicki et al., 1991) . Increased plasma peptide YY concentrations have inhibited pancreatic protein secretion in rats (Putnam et al., 1989) , dogs (Pappas et al., 1985; Brodish et al., 1992) , and cats (Tatemato, 1982) . Increased pancreatic polypeptide concentrations inhibit pancreatic protein output in rats (Louie et al., 1985; Putnam et al., 1989) . However, when isolated pancreatic acinar cells were incubated with peptide YY or pancreatic polypeptide, they did not inhibit the cholecystokinin ( CCK)-stimulated amylase release (Louie et al., 1985) . Rats given an intravenous bolus of 2-deoxy-D-glucose and infused with peptide YY demonstrated decreased 2-deoxy-Dglucose-stimulated secretion with half-maximal inhibition at 10 pmol/(kg·h) (Putnam et al., 1989) , indicating that peptide YY can block the elevated pancreatic protein secretion stimulated by increased plasma glucose concentrations.
Somatostatin also has been shown to have inhibitory effects on pancreatic exocrine secretion in nonruminants. Intravenous administration of somatostatin has been observed to decrease a-amylase (Singh, 1986) and pancreatic protein secretion (Sarfati and Morisset, 1989; Guan et al., 1990) in rats. Intraduodenal infusion of somatostatin inhibited the CCKstimulated pancreatic exocrine secretion in rats (Singh, 1986; Sarfati and Morisset, 1989) . Similarly, a-amylase release was inhibited for isolated acinar cells from rats when secretin and CCK-8 were present (Matsushita et al., 1993) . However, somatostatin failed to inhibit pancreatic exocrine secretion in the isolated perfused pancreas without exogenous CCK or secretin (Schonfeld et al., 1989) .
What stimulates somatostatin release in ruminants is uncertain. Few studies in ruminants have examined changes in somatostatin concentration with postruminal nutrient infusion. Jugular vein plasma somatostatin concentrations were decreased in nonlactating ewes (Barry et al., 1982) and increased in lactating ewes (Barry, 1980) , and no change was reported in beef steers (Guerino et al., 1991) infused postruminally with casein. However, to our knowledge no studies have measured somatostatin concentration with carbohydrate feeding or infusion in ruminants. In nonruminants, glucose has been shown to stimulate pancreatic somatostatin release and increase peripheral plasma somatostatin concentration (Schusdziarra, 1980) . The inhibitory effect of these peptides observed in nonruminants and the decreased pancreatic a-amylase and protein secretion with abomasal carbohydrate infusion indicate a potential negative feedback mechanism. A possible hypothesis would be that peptide YY, pancreatic polypeptide, and(or) somatostatin concentrations are being increased by abomasal carbohydrate infusion, thus raising the basal secretion rate of these peptides causing a decreased secretion from the exocrine pancreas. However, none of these peptides were measured in the present study.
Implications
Our results show that a-amylase secretion was inhibited by carbohydrate infusion into the abomasum. If a-amylase activity is limiting starch digestion in the small intestine of cattle, then understanding the regulatory mechanisms for a-amylase secretion may provide potential to improve starch digestion. After the regulatory mechanisms controlling a-amylase secretion in ruminants are understood, research may be able to optimize small intestinal starch digestion in ruminants.
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